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Available online 18 June 2019The objective of this work was to evaluate the inﬂuence of the homogenization method, ultrasound or rotor-
stator, on the properties of emulsions formedwith chia oil (Salvia hispanica L.) and on the stability of this powder
oil. Microencapsulationwas performed by spray drying, using as a wall material a mixture of maltodextrin 10DE,
maltodextrin 20DE,whey protein isolate and gum arabic (40/40/15/5). The characterization of themicroparticles
was performedbymoisture, particle size, surface oil, encapsulated oil, encapsulation efﬁciency,morphology, lipid
oxidation and oxidative stability. The use of ultrasound promoted a signiﬁcant reduction in droplet size (4.62 to
0.48 μm) and a considerable increase in encapsulation efﬁciency (42 to 96%). In this way, it was possible to obtain
a microparticle of chia oil with concentration of oil of industrial interest (30% w/w) with high encapsulation ef-
ﬁciency and good oxidative stability, using the green ultrasonic technology for the oil homogenization stage.
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Chia (Salvia hispanica L.) is an annual herbaceous plant that belongs
to the family Lamiaceae. This plant is native to southern Mexico and
northern Guatemala [1] and is currently also cultivated in South
America [2]. Chia seed has been described as a good source of oils, pro-
teins, ﬁbers and minerals [3–5], but its use is due to its high oil content
that provides a rich source of polyunsaturated fatty acids. Chia oil con-
tains the highest proportion of α-linolenic acid among all known natu-
ral sources [1,6]. Chia seed oil is predominantly composed of
unsaturated fatty acids, α-linolenic (ω-3) being its main component
corresponding to approximately 60%, followed by linoleic acid (20.3%),
oleic acid (7.6%), palmitic acid (7.2%) and stearic acid (2.98%) [7]. Poly-
unsaturated fatty acids such as omega-3 (ω-3) are important for a good
health and they promote beneﬁts for individuals suffering from cardio-
vascular diseases, diabetes and immune response disorders [8,9].tara).Although the fatty acid proﬁle of chia seed oil is nutritionally favorable,
the high degree of unsaturation renders it very susceptible to oxidation.
Oxidation leads to the formation of unpleasant ﬂavors and odors, reduc-
ing the shelf life of the product and promoting the generation of free
radicals, whichmay have negative physiological effects on the organism
[10]. Thus, there is a need for the use of alternative technologies to slow
down this process and maintain the stability and nutritional properties
of chia seed oil.
In this context, by spray drying appears as an important technology
to protect the oil matrix from oxidative processes. Microencapsulation
converts the oil into a free-ﬂowing powder that can be easily handled
and utilized for nutraceuticals and/or food fortiﬁcation [11]. Application
of the drying process by spray drying in microencapsulation involves
three basic steps: preparation of themixture of thewallmaterial, forma-
tion of a stable emulsion by means of homogenization and atomization
of the emulsion in the drying chamber.
The preparation of the emulsion beginswith the selection of thewall
material, which is mainly based on its interfacial functionality [12]. A
number of biopolymers have been used in the microencapsulation of
several food ingredients by spray drying. Maltodextrin is one of the
main application materials in the spray drying process, due to its
Table 1
Description of processes and emulsiﬁcation times.
Samples Ultraturrax Ultrasound
T1 1 min –
T2 2 min –
T3 3 min –
U1 – 1 min
U2 – 2 min
U3 – 3 min
TU1 2 min 1 min
TU2 1 min 2 min
878 M.A. Alcântara et al. / Powder Technology 354 (2019) 877–885physical characteristics, such as high solubility and low viscosity, even
when they are found in high concentrations of solids [13]. Ubbink,
Kasapis and Norton [14] have shown that a small amount of some low
molecular weight compounds, such as maltodextrin DE10 improves
the stability of encapsulated bioactive compounds. Another group of
wall materials used are whey proteins, which have good emulsiﬁcation
capacity, aiding in the encapsulation of the ingredient [15]. In addition,
proteins are excellent in the protection against oxidation, being less per-
meable to oxygen [16].
Emulsion formation is oneof themost t important steps formicroen-
capsulation, as it directly inﬂuences the properties of themicrocapsules.
Different methods are used for the formation of emulsions, among
them: high pressure, ultrasound, rotor-stator and membrane systems
[17]. The homogenization of oils by rotor-stator type equipment is efﬁ-
cient, but they provide larger droplets, besides high oxygen uptake in
the continuous phase of the emulsion, which is harmful to the oil. On
the other hand, the use of ultrasound leads to the formation of emul-
sions with small droplet sizes [18]. Recently, this technology has been
used to stabilize emulsions as part of oil encapsulation processes
[19–22]. However, to the best of our knowledge, the impact of the ultra-
sonic process on the oxidation of encapsulated oils has not yet been
evaluated. In addition, it is important to verify the viability of this tech-
nique in producing stable emulsions with oil concentration in the range
of industrial interest, such as 30–40%of the drymatter, sincemost of the
studies were performed with oil concentration of up to 20% of the dry
matter [20,21].
The objective of this work was to evaluate the inﬂuence of the ho-
mogenization method, ultrasound or rotor-stator, on the properties of
emulsions formed with chia oil (Salvia hispanica L.) and on the stability
of powdered oil microencapsulated by spray drying. For this, a formula-
tionwithmaltodextrins DE10, DE20, whey proteins and gumarabicwas
studied in the highest chia oil concentration (30% of the dry material),
combining conventional raw materials with an economically more at-
tractive oil concentration.
2. Material and methods
2.1. Material
The seeds of chia (Salvia hispanica L.) were purchased from Giroil
Agroindústria Ltda. The crop was produced in the county of Entre-
Ijuís, in the state of Rio Grande do Sul, in the southern region of
Brazil. According to the producer, the seeds were harvested dry,
only passing through a cleaning process with subsequent vacuum
packaging. A Ribeiro hydraulic press (model P30T, São Paulo,
Brazil), with the characteristics of 160 cm in length and a 15 cm di-
ameter plunger with a maximum pressure application of 1.3
× 107 N.m−2 was used for the cold pressing (~ 20 °C) of the seeds
to obtain chia oil (CHO). This oil was vacuum ﬁltered and stored in
amber bottles without headspace at 4 °C, presenting a refraction
index at 25 °C of 1.4794. Whey protein isolate - WPI (BiPRO whey
protein isolate) was obtained from Davisco Foods International
(USA). The maltodextrins (MD) Maltogill 10DE and 20DE were sup-
plied by Cargill (São Paulo, Brazil) and the GumArabic (GA) was pur-
chased from Food Prymes (São Paulo, Brazil).
2.2. Preparation of emulsions
For the preparation of the emulsions, the wall materials were dis-
solved in distilled water at 25 °C under mechanical stirring, produced
by magnetic stirrers, up to complete dissolution. MD (50% DE10: 50%
DE20), WPI and GA were used at three different ratios as shown in
Table 2. After the emulsion stability test only the 80/15/5 formulation
was deﬁned.
The total solids concentration was set at 30% (w/v). The chia oil
was then added to the hydrated wall material at a concentration of30% (w/w) in relation to the total solids. The emulsions were ob-
tained by mechanical stirring using an ultraturrax rotor-stator (IKA
T18, Wilmington, USA), operating at a speed of 15,000 rpm and son-
ication using ultrasound (Hielscher UIP 1000hd, Germany), ultra-
sonic probe with 18 mm diameter, 20 kHz frequency and power of
260 W, with temperature controlled by a thermostatic bath at 10
°C. The probe height of the ultrasound in contact with the emulsions
was standardized at 40 mm.
The time used for emulsion formation ranged from 1 to 3 min for
both homogenizers, as shown in Table 1, thus yielding a total of 8 treat-
ments in a volume of 200 mL of emulsion for each assay. The tests were
performed in triplicate.
2.3. Characterization of emulsions
2.3.1. Droplet size of emulsions
The size distribution and mean droplet diameter of the emulsions
were determined using MICROTRAC S3500 laser diffraction equipment
(Microtrac Inc., Montgomery Ville, USA). The analysis was conducted
immediately after preparation of the emulsions, in duplicate and in
three cycles, using distilled water (ref. Index of 1.33) as a dispersant.
The mean diameter was calculated based on the mean diameter of a
sphere of the same area (Sauter diameter) (D32) and the polydispersity
index (PDI) based on the distribution of volume parts, according to Eqs.
(1) and (2) [20].
D32 ¼
P
nid
3
iP
nid
3
i
ð1Þ
PDI ¼ D90−D10
D50
ð2Þ
where di is the mean diameter of the droplets; ni is the number of
droplets; and D10, D50 and D90 are volume diameters equivalent to
10%, 50% and 90% of the cumulative volume, respectively.
2.3.2. Stability of emulsions
Immediately after the emulsiﬁcation process, 10 mL aliquots of
each of the emulsions were transferred into identical 25 mL capacity
beakers, sealed and stored at 25 °C. The oil phase separation was
monitored every 15 min during the interval between 2 h and 24 h
after the preparation of the emulsions. The stability (non-phase sep-
aration) was expressed qualitatively in yes or no and antitatively
through the cream index (CI) after 1.5 h, the cream index being de-
scribed by Eq. (3).
%CI ¼ H
H0
 
100 ð3Þ
where: H0 represents the initial height of the emulsion and H repre-
sents the height of the upper phase after 1.5 h.
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The emulsions produced in the 8 homogenization treatments were
dried in a spray plant Lab Plant SD-06 (Huddersﬁeld, England) with
0.5 mm diameter spray nozzle, under a spraying pressure of 2.5 bar
and hot air co-current downward ﬂow. The inlet air temperature was
adjusted to 160 ± 2 °C and the outlet temperature was maintained at
60 ± 5 °C at an average feed rate of 7 mL/min.
2.5. Characterization of particles
2.5.1. Moisture content
The moisture content of the samples was determined gravimetri-
cally in a vacuum oven for 24 h at 70 °C [23].
2.5.2. Surface oil
The surface oil of the microcapsules (Eq. (4)) was determined ac-
cording to [24], 15 mL of hexane to Falcon tubes containing 2 g of pow-
der. The mixture was homogenized in a vortex-type stirrer for 2 min,
and then centrifuged for 15 min at 5000 rpm. The supernatant was col-
lected and the remaining powder was washed three times with 20 mL
of hexane. Then the supernatants collected from the washes were
mixed and subjected to evaporation at 60 °C in a circulating air oven
until constant weight, and the lipid content determined gravimetrically.
Surface oil %ð Þ ¼ 100 g surface oil
100 g powder
ð4Þ
2.5.3. Encapsulated oil
The encapsulated oil content (Eq. (5)) was quantiﬁed according to
Hardas, Danviriyakul, Foley, Nawar and Chinachoti [25]. Samples of
2 g of powder were weighed into Falcon tubes and 10 mL of hexane
added to each sample, and then homogenized in a vortex stirrer and
centrifuged for 15 min at 5000 rpm. The supernatant was discarded
and to the residue 5 mL of distilled water was added, followed by fur-
ther vortexing for 1 min. Then, 25 mL of a hexane/isopropanol solution
(3:1 v/v) was added and vortexed for a further 2 min, followed by cen-
trifugation for 15 min at 5000 rpm. The organic phase was carefully
separated with Pasteur pipette and transferred to a pre-weighed Erlen-
meyer. The extraction process with the hexane/isopropanol solution
was repeated two more times and the organic phase collected in the
same ﬂask. The collected organic phasewas evaporated at 60 °C in a cir-
culating air oven and the lipid content determined gravimetrically, ac-
cording to Eq. (5).
Encapsulated Oil %ð Þ ¼ 100 g internal oil
100 g powder
ð5Þ
2.5.4. Encapsulation efﬁciency
Themicroencapsulation efﬁciencywas determined by the fraction of
oil encapsulated over the total amount of oil (Eq. (6)).
Encapsulation Efficency %ð Þ ¼ 100 encapsulated oil
total oil
ð6Þ
In which total oil is the sum of encapsulated oil and surface oil
(Eqs. (4) and (5)).
2.5.5. Particle size distribution
The size distribution andmean particle diameterwere determined by
light scattering using a MICROTRAC S3500 laser diffraction (Microtrac
Inc., Montgomery Ville, USA). The samples were dispersed in 2-propanol (refractive index 1.38) and themean diameterwas determined
based on the mean diameter of a sphere of the same volume (Brouckere
diameter) (D43), as described in Eq. (7).
D43 ¼
P
nid
4
iP
nid
3
i
ð7Þ
in which di is the mean diameter of particular and ni is the number of
particles.
2.5.6. Peroxide value
The peroxide value was determined according to the method pro-
posed by the International Dairy Federation IDF, with some modiﬁca-
tions [26,27] and the extraction of the oil was performed according to
Partanen et al. [28]. A 0.5 g sample of powder was weighed into a test
tube and suspended in 5 mL of water. The tube was shaken for 30 min
to ensure the dissolution of the powder. A 400 μL portion was removed
and stirred with 1.5 mL of an isooctane/isopropanol (2: 1) mixture to
extract the oil. Then the phases were separated by centrifugation
(5000 rpm for 5 min) and the upper phase was collected for analysis.
The extractions were performed in triplicate. A 300 μL aliquot of the ex-
traction medium was added to 9.6 mL of a chloroform/methanol (7:
3) mixture. For the color formation, 50 μL of a solution of Fe2+
(FeCl2.4H2O, 40 mg dissolved in 10 mL 3.7% HCl) and 50 μL of 30% am-
monium thiocyanate (7.5 g dissolved in 25 mL of water distilled) were
added. The sample was shaken, allowed to stand in the dark for 5 min
and then the absorbance was measured at 500 nm. The peroxide value
was determined using a standard curve of Fe3+ (1–25 μg).
2.5.7. Oxidative stability by the Rancimat accelerated test
The Rancimat accelerated test was used to estimate the oxidation
stability of chia oil before and after microencapsulation. The Rancimat
equipment was used, which evaluated the induction period (IP), de-
ﬁned as the time interval corresponding to the inﬂection point of the
conductivity versus time curve. The analyses were performed at 110
°C and 20mL air/h using a Rancimat 873 apparatus (Metrohm, Herisau,
Switzerland). A powder sample of 2.0 g (in the case of microencapsu-
lated oil) or 2.0 g sample of pure oil (control) were weighed in each re-
action tube. The analyses were performed in duplicate.
2.5.8. Fatty acids proﬁle by gas chromatography
The fatty acid proﬁle and the monitoring of Linolenic Acid (ALA) of
fresh and microencapsulated oil were determined by gas chromatogra-
phy. In this case, the resulting oil extracted from the total oil determina-
tion (Section 2.5.4) was used for GC analysis, after derivatization of fatty
acids to yield the corresponding methyl esters. Chromatographic pro-
ﬁles were recorded and the percentage of ALAwas determined by a cal-
ibration curve with methyl ester standards using a Gas Chromatograph
Mass Spectrometer GCMS-QP2010 (Shimadzu, Kyoto, Japan) equipped
with a Durabound DB-23 column featuring 30 m × 0.25 mm × 0.25
μm. The temperature of the injector and the detector was set at 230 °C
and the column temperature set at 90 °C. The elution gradient in the col-
umnwas from 90 to 150 °C (10 °C/min), from 150 to 200 °C (5 °C/min),
and from 200 to 230 °C (3 °C/min) in a total time of 34 min. The carrier
gas was helium.
2.5.9. Morphology of microcapsules
The microstructure of the particles was observed in a scanning elec-
tronmicroscope (SEM) (HITACHI model TM 3000, Japan) coupled to an
EDS (Energy Dispersive Spectrometer for X-ray analysis, Brucker, Mad-
ison, USA) for the determination of microelements. The analyzed
sampleswere placed onmetallic supports (stubs) by adhesion in double
- sided metallic tape, and were then observed in SEM for image
acquisition.
Table 2
Result of the stability of emulsion 1.5 h after the preparation.
Formulation MD/WPI/GA Phase separation (%)
1 75/20/5 6.8
2 80/15/5 0
3 85/10/5 4.2
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Data analysis was performed using the analysis of variance (ANOVA)
and Tukey test to identify signiﬁcant differences between means, using
the free software Action 2.9 [29]. The signiﬁcance level considered for
the difference between the means was 5% (p b 0.05). All analyses
were performed in triplicates.3. Results and discussion
3.1. Formulation and stability of preliminary emulsions
Preliminary emulsions were prepared in a rotor-stator at ﬁxed con-
dition of 15,000 rpm for 5min using oil in the ratio of 30% of total solids.
Gallardo et al. [11] demonstrated that wall mixing with maltodextrin,
whey proteins and gum arabic (64% MD: 17% WPI: 17% GA) provided
good oxidative stability to linseed oil. In the present study, these three
biopolymers will also be evaluated as wall material for the encapsula-
tion of chia oil. However, two main modiﬁcations will be made: 1) a
higher oil content in order to make the microparticle economically
more viable; 2) a mixture of maltodextrin DE10 and DE20, in order to
obtain a matrix with a higher content of maltooligomers. Ubbink [30]
reported that in the vitreous state, at a non-zero water concentration,
the intermolecular volume of a carbohydrate matrix reduces rapidly
with the 30% addition of low molecular weight carbohydrates.
The formulation deﬁnition was based on the criterion of being an
emulsion with high oil content and stable for at least 1.5 h (drying pro-
cess time). Thus, the WPI concentration varied from 10 to 20% of the
wall material, to enlarge the range studied by Gallardo et al. [11].
The GA content was ﬁxed at 5% of the wall material, as well as the
ratio of the maltodextrin types (50% DE10: 50% DE20) to give, in order
to obtain the highest possible concentration of maltooligomers. Thus,
the total concentration of MD varied according to the WPI content.
Table 2 shows the formulations initially tested and the respective emul-
sion stabilities after 1.5 h of the preparation.
The results expressed in Table 2 show that only the emulsion with
the 80/15/5 ratio ofMD/WPI/GA remained stable in the assessed period.
Frascareli, Silva, Tonon and Hubinger [31] reported in their study that
emulsions containing higher amounts of emulsiﬁers covering the drop-
let reduced (prevented) coalescence.
In formulation 3 occurs a decrease in protein ratio and an increase
in maltodextrin in, what can explain the occurrence of phase separa-
tion, according to what was as mentioned by Carneiro [32].Table 3
Stability and size of emulsion droplets.
Samples Process Time (min.) D32 (μm
T1 Rotor-stator 1 4.62 ± 0
T2 2 3.69 ± 0
T3 3 3.45 ± 0
U1 Ultrasound 1 1.34 ± 0
U2 2 0.62 ± 0
U3 3 0.48 ± 0
TU1 Rotor-stator + Ultrasound 2 + 1 0.86 ± 0
TU2 1 + 2 0.52 ± 0
Results are presented as average ± standard deviation.
Samples with different letters present values signiﬁcantly different of other samples in the samMaltodextrins have low emulsifying capacity, thus decreasing the
stability of the emulsion. In the formulation 1 the inverse occurs,
also leading to phase separation. The same author also states that
the higher the amount of protein in the formulation, the greater is
the percentage of phase separation, this possibly occurs because
the proteins have a certain ability to form foam, and this would
cause the incorporation of air during homogenization when using
the rotor-stator type homogenizer, where the friction forces are
mainly responsible for the event in question [33]. The stable formu-
lation contained 80% MD/15% WPI/5% GA, with maltodextrin being
divided into 40% DE 10 and 40% DE 20. This formulation was chosen
to be used in the tests with ultrasound and spray drying.
3.2. Inﬂuence of the process and time of homogenization on the character-
istics of the emulsion
The inﬂuence of the process and the homogenization time on the
properties of the emulsions is presented in Table 3. The mean diameter
of the droplets ranged from 3.45 to 4.62 μm,when the rotor-stator rotor
was used as the preparation method. On the other hand, the mean di-
ameter ranged from 0.48 to 1.34 μm when using ultrasound alone,
and from 0.52 to 0.86 μm when both methods were combined. Vélez-
Erazo, Consoli and Hubinger [34] found values of 0.93 to 1.44 μm,
when using ultrasound in the production of mono and double layer
emulsions of chia oil, at sonication times ranging from 2 to 15 min and
power from 60 to 132 W.
The pronounced reduction of droplet size with the use of ultrasound
can be explained by the high energy supplied to the emulsionwith high
shock waves produced by the equipment, promoting a greater shear of
the dispersed droplets, thus reducing its size [35]. Silva et al. [20] stud-
ied the effect of ultrasonic homogenization on the properties of urucum
oil microparticles. When 16% WPI was used as wall material, the aver-
age emulsion droplet diameters were b1 μm at nominal power above
300 W and 3 min process. On the other hand, Silva et al. [12] obtained
a mean droplet diameter of b1 μm, using GA wall material, only under
extreme conditions such as 640 W and 3 min. As in the present study
we obtained droplets as small as 0.5 μm with a power of 260 W and
3min, it is suggested that the combination ofMD/GA/WPI wall material
facilitated the drop-off of the droplet size.
Fig. 1 shows the curves of the droplet size distribution of the emul-
sions. For the T1, T2 and T3 samples, the curves presented a bimodal dis-
tribution, with two distinct peaks around 4 and 15 μm. The U2, U3, TU1
and TU2 samples displayed a unimodal distribution with a slight devia-
tion of the curves, with a predominant peak around 0.6 μm for the ﬁrst
three and around1 μmfor the latter. TheU1 sample presented an excep-
tional behavior, as compared to the other samples, with a bimodal dis-
tribution, with a predominant peak at 1 μm and another at 50 μm. This
can be explained by the amount of surface oil present in this sample
after homogenization, where the deviation in the curves may be due
to the presence of the non-emulsiﬁed oil. All samples except U1 showed
similar dispersibility (PDI). After 1 h of preparation all emulsions were
stable, but after 24 h only the samples produced with ultrasound were) D43 (μm) PDI Stability after 24 h
.04a 9.72 ± 0.04a 1.69 ± 0.04g No
.01b 7.65 ± 0.11b 1.82 ± 0.06e No
.06c 7.65 ± 1.57b 2.08 ± 0.04d No
.03d 5.78 ± 0.99c 9.44 ± 0.09a No
.01f 1.37 ± 0.51d 1.74 ± 0.03f Yes
.00g 0.94 ± 0.36de 2.27 ± 0.10b Yes
.01e 1.36 ± 0.13def 1.83 ± 0.11e Yes
.00fg 0.95 ± 0.02def 2.14 ± 0.04c Yes
e column (p b 0.05).
Fig. 1. Distribution of droplet size of emulsions obtained by different times and homogenization processes.
Fig. 2. Correlation between the encapsulation efﬁciency and the droplet size of the
emulsions (D32).
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tion process by spray drying in a timeduration of approximately 50min.
3.3. Characterization of microcapsules
The microparticles produced by the spray drying process were char-
acterized by the moisture content, surface oil, encapsulation efﬁciency,
mean particle diameter (D43) and oil encapsulation percentage (Table 4).
The moisture content of the powders displayed little variation (0.74
and 2.00%), since the same conditions of drying and wall material for-
mulationwere used for all the samples. No effect of the homogenization
processwas observed on this property. Similar resultswere observed by
Silva, Vieira and Hubinger [36]. They produced emulsions with green
coffee oil and different combinations of wall materials, using a homog-
enization pressure of 50 MPa and did not observe any inﬂuence of the
homogenization pressure on themoisture content of themicroparticles.
The moisture contents of the present work did not exceed 2% w/w, in
agreement with the contents of microparticles based on starch [20].
The encapsulation efﬁciency ranged from 41.97 to 95.93%, as shown
in Table 4. It can be seen that there was an increase in efﬁciency and a
decrease in droplet size of the emulsion when the ultrasound process
was used. Some studies have shown that the size of oil droplets is asso-
ciated with the efﬁciency of microencapsulation [12,18,37]. Increasing
the size of oil droplets in the emulsion can result in a greater amount
of surface oil and a lower efﬁciency, and this could cause a greater accel-
eration of the oxidation of the oil in the microcapsules. This can be ob-
served in this study by the strong correlation (−0.97) presented in
Fig. 2, between encapsulation efﬁciency and particle size.
The samples emulsiﬁed in the rotor-stator presented low efﬁciency.
This may be due to the high oil content used (30% w/w relative to the
total solids). Frascareli et al. [31] using a rotor-stator in themicroencap-
sulation of coffee oil, found that the higher the oil concentration, the
lower the encapsulation efﬁciency, which can be attributed to a low
amount of wall material available to provide a structural matrix that
holds the encapsulated oil droplets. The authors observed that oilTable 4
Particle size, moisture content, surface oil and encapsulation efﬁciency of different chia oil
microcapsules.
Samples Encapsulated oil
(g/100 g powder)
Surface oil
(g/100 g
powder)
Encapsulation
efﬁciency (%)
Microparticle
size (D43 μm)
T1 12.59 ± 0.03g 17.40 ± 0.10a 41.97 ± 0.38g 13.94 ± 0.22c
T2 14.34 ± 0.01f 15.64 ± 0.15b 57.82 ± 0.85f 12.28 ± 0.10f
T3 15.52 ± 0.08d 14.45 ± 0.20c 63.85 ± 0.31e 12.33 ± 0.23e
U1 21.96 ± 0.07e 8.03 ± 0.17d 73.21 ± 0.50d 16.27 ± 0.71b
U2 28.34 ± 0.03ab 1.62 ± 0.22fg 94.59 ± 0.58ab 13.76 ± 0.47d
U3 28.76 ± 0.06a 1.22 ± 0.27g 95.93 ± 0.11a 11.87 ± 1.03g
TU1 26.91 ± 0.03c 3.06 ± 0.12e 89.80 ± 0.51c 16.40 ± 0.71a
TU2 27.92 ± 0.06b 2.04 ± 0.16f 93.19 ± 0.54b 16.39 ± 0.71a
Results are presented as average ± standard deviation with different letters present
values signiﬁcantly different of other samples in the same column. (p b 0.05).contents below 20%w/w relative to total solids were themost indicated
for the production of with highly efﬁcient microparticles. However, in-
dustrially, the microparticles (by spray-drying) of nutritional oil are
produced with contents of 30–40% of oil in relation to the total solids,
for better yields and economic feasibility. It is worth noting that the
present study was performed with 30% oil and presented results ofFig. 3. Oxidation curves (conductivity vs. time) obtained from the Rancimat accelerated
test of microencapsulated chia oil. Fresh chia oil was used as control. The arrows
indicate the induction period (IP) determined for each sample.
Fig. 4. Correlation between surface oil and induction period (IP) obtained by the Rancimat
method.
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gations with only 20% oil.
Surface oil and the encapsulation efﬁciency were not affected by the
particle size D43. These results are in agreement with those reported by
Soottitantawat [37] andRodea_González [38], but they are in contrast to
those obtained by Jafari et al. [18], who reported that the encapsulation
efﬁciency could be improved bymaking that the powder particles pres-
ent optimal size distribution b38 μm, for non-volatile (ﬁsh oil) and 38–
63 μm for volatile products (D-limonene).
The mean particle diameter (D43) presented the same order of mag-
nitude for all samples. The particle size of the microcapsules is inﬂu-
enced by the atomizer nozzle, by the rate of liquid distribution, by
atomization conditions, air pressure and total solids content [39]. In
this study, all emulsions were dried under identical operating condi-
tions, so that no large variations in the size of the microparticles were
observed.3.4. Oxidative stability
The Rancimat accelerated oxidation test has beenwidely used due to
its ease of use and reproducibility, in the case of non-encapsulated oils
[40]. Fig. 3 shows the IP curves obtained for microencapsulated oil sam-
ples, as compared to fresh (control) chia oil. Fresh chia oil showed an IP
of 0.6 h. This short time was expected due to the presence of high
linolenic acid content (65%), which is anω-3 fatty acid. A superior result
of 1.14 hwas reported byMartínez et al. [41], under the same operating
conditions. According toApplication Bulletin 204/2e of [42],whichdeals
with the oxidative stability of oils and fats by the Rancimat method,
polyunsaturated oils such as ﬁsh oil and linseed oil present typical re-
sults of induction period of 0.25 and 0.5–2.0, respectively.
The type and time of homogenization inﬂuenced the induction pe-
riod. Higher homogenization time and the use of ultrasound lead to an
increase in IP.Table 5
Fatty acids proﬁle of fresh and microencapsulated chia oil.
Fatty acids OCH T1 T2 T3
Palmitic acid (C16:0) 7.60 7.55 7.49 7.92
Stearic acid (C18:0) 3.47 3.28 3.15 3.47
Oleic acid (C18:1) 8.09 7.53 7.30 7.92
Linoleic acid (C18:2) 15.23 16.27 16.34 16.88
α-linolenic acid (C18:3) 65.61 65.38 65.72 63.80
The results are presented as percentages of total fatty acids.But it is important to note that all the microparticles had a higher IP
than pure oil, demonstrating that encapsulation is an attractive way to
increase the protection of chia oil.
A strong correlationwas observed between the surface oil of themi-
croparticles and the IP (Fig. 4), what can be explained by the fact that
the oil on the surface is available for a more accelerated oxidation,
while the encapsulated oil is protected by the wall material. In the
study performed by Timilsena et al. [43] with chia oil microcapsules,
the authors suggest that particles containing a lower oil content on
the surface promote more effective encapsulation, thereby protecting
polyunsaturated fatty acids fromoxidative damage during themicroen-
capsulation process.
The samples U1, U2, U3, TU1 and TU2, which were emulsiﬁed by ul-
trasound presented the highest induction times of 6.2, 6.3, 7.3, 4.7 and
8.2 h, respectively. This corresponds to an increase of 8 to 14 times in re-
lation to pure oil, resulting in a greater protection of the microparticles
against lipid oxidation. The greater oxidative stability of themicroparti-
cles with the ultrasound can be justiﬁed by the fact that ultrasound pro-
duced emulsion droplets smaller than the method using only the stator
rotor, which resulted in more stable emulsions, ensuring the best en-
capsulation of the oil and, consequently, improving the stability of the
particle.
Fig. 3 shows that all samples totally or partially homogenized with
rotor-stator had lower induction times than samples homogenized
with ultrasound.
This occurred even for the situation U1, in which the average diam-
eter of the droplet is larger than that obtained for samples TU1 and TU2.
Therefore, it can be stated that for encapsulated chia oil, the ultrasonic
homogenization method brings a great procedural advantage in terms
of the ﬁnal stability conferred to the encapsulated oil.
Silva et al. [36] did not observe the same behavior in the study ofmi-
croencapsulation of green coffee oil in different combinations of wall
materials, using homogenization pressure of 50 MPa. The authors veri-
ﬁed that the type of homogenization did not inﬂuence the induction
time, while the combination of wall material affected this property.
Gallardo et al. [11] also observed that the combination of wall material
inﬂuenced the induction time of encapsulated linseed oil, being the lon-
gest time (9.5 h) obtained for the composition MD, WPI and GA 4.3
times greater than the one of pure linseed oil.
As for the peroxide value, all samples had a content below 1 meq
peroxide/kg oil, suggesting that the microencapsulation process did
not adversely affect oil stability. In order to evaluate a possible degrada-
tion of polyunsaturated fatty acids, in particular linolenic acid (ALA), the
encapsulated samples were evaluated in relation to the fatty acid pro-
ﬁle. The chromatographic proﬁles of the microencapsulated oils were
similar to fresh oil (OCH) and the contents remained the same
(Table 5). Similar results of the conservation of the fatty acid proﬁle
were obtained by Guimarães-Inácio et al. [44], when evaluating the ox-
idative stability of chargedmicroparticles of chia oil in carnauba wax by
thermal, spectroscopic and chemometric methods.
3.5. Morphology of microcapsules
Fig. 5 shows themicrophotographs observed in a scanning electron
microscope of the powders produced. The particles exhibited spherical
shape and varied sizes, what is a typical characteristic of spray-driedU1 U2 U3 TU1 TU2
7.85 7.57 7.83 7.55 7.51
3.42 3.32 3.61 3.41 3.34
8.02 7.60 7.85 7.67 8.06
15.41 16.07 16.35 16.51 15.44
65.30 65.43 64.37 64.87 65.66
Fig. 5.Microphotographs from Scanning Electron Microscopy of microencapsulated chia oil.
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cle, indicating complete coverage of thewallmaterial over the core used.
No effect of the homogenization processes on particle morphology
was observed, probably the operational conditions of spray drying are
that are really responsible for the physical characteristics of the micro-
particles. This phenomenonwas also observed in chia oil microcapsules
prepared with proteins isolated from soybean and maltodextrin [45].
Some particles showed depressions on the surface, possibly formed
by shrinkage during particle drying and cooling [46] or by the collapseof the droplets during the initial drying stages [47]. Similar morpholog-
ical characteristics were found by [13,48].
4. Conclusion
In thiswork it was possible to evaluate the inﬂuence of different pro-
cesses of homogenization of chia oil emulsions in water and the impact
on the properties of oil microcapsules obtained by spray drying. The use
of the ultrasound improved the characteristics of the emulsions when
884 M.A. Alcântara et al. / Powder Technology 354 (2019) 877–885compared to the ultraturrax, as it resulted in emulsions with smaller
droplet sizes and more stable, which contributed to improve the efﬁ-
ciency of the microencapsulation, at around 90%.
The time of emulsiﬁcation exerted great inﬂuence, it was ob-
served that one minute of sonication was not sufﬁcient for the
encapsulation of chia oil. Besides the encapsulation efﬁciency,
the emulsiﬁcation process was determinant in the protection
exerted on the oxidative stability of the microencapsulated oil.
Microparticles produced in the ultrasonication system presented
high induction times (Rancimat test), when compared to pure
oil, as well as low peroxide value and conservation of fatty acid
proﬁle, especially linolenic acid. Considering that the present
study was performed with 30% oil, similarly to commercial micro-
particles, the process presented high encapsulation efﬁciency and
low oxidative indices. Thus, it can be concluded that the composi-
tion of wall material coupled to a homogenization process (ultra-
sound) and to a low cost microencapsulation technology (spray-
drying), can be used to develop stable chia oil microparticles
rich in omega 3 fatty acids, with a technology feasible of being in-
dustrially produced.
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